Introduction
[2] Pi2 pulsations are damped oscillations of the geomagnetic field that are usually associated with the onset or intensification of magnetospheric substorms. The power spectrum of Pi2 pulsations contains important clues to the generation mechanism of the pulsations. Previous studies found that the spectrum of Pi2 pulsations observed on the ground at low latitudes (L < 2) contains up to four harmonics [Lin et al., 1991; Nosé, 1999; Cheng et al., 2000] . A Pi2 pulsation observed from a spacecraft exhibited a similar multifrequency property [Denton et al., 2002] . These studies noted that the frequency of the higher harmonics normalized to the fundamental is usually not an integer, which means that the harmonics do not result from a purely periodic oscillation with a nonsinusoidal waveform. It has been suggested that the harmonics arise from cavity mode resonances excited in a plasma cavity, i.e., the plasmasphere. Numerical calculations of the cavity mode frequencies give results consistent with the observations [Yeoman and Orr, 1989; Lin et al., 1991; Cheng et al., 2000; Denton et al., 2002] .
[3] In this paper we present Combined Release and Radiation Effects Satellite (CRRES) observations of multifrequency Pi2 pulsations that are consistent with the cavity mode. Although our events have frequency ratios similar to those reported previously, our argument for the cavity mode is primarily based on the polarization and phase of oscillations in the magnetic and electric fields as well as on the background plasma density. We find different spectral properties among the field components, and we explain them using the eigenmode structure of the plasmaspheric cavity mode. The approach is quite analogous to that used to identify the standing structure of shear Alfvén waves excited along the geomagnetic field lines [Singer and Kivelson, 1979] . To the best of our knowledge, however, it has not been applied to fast mode waves.
[4] Our data analysis strategy is based on the radial structure of the cavity mode illustrated in Figure 1 . The fundamental (upper part) and second (lower part) harmonics are considered. For simplicity we assume that the mode is excited between rigid radial boundaries located at L b1 , which would correspond to the equatorial ionosphere, and L b2 , which would correspond to the plasmapause. Each set of diagrams shows the amplitude of the two field components, E j (the azimuthal component of the electric field, positive eastward) and B z (the compressional component of the magnetic field, positive northward). These are the components that have finite amplitude when a fast mode magnetohydrodynamic (MHD) wave propagates radially. We define the phase of these components relative to the ground H component measured on the same magnetic meridian, assuming that B z at L b1 is in phase with H [Allan et al., 1996; Takahashi et al., 1999] . The key features of the mode structure common to both harmonics are that E j diminishes at L b1 and L b2 , the nodes of B z are located at the antinodes of E j and vice versa, and E j is ±90°out of phase with B z . When realistic plasma and magnetic field models are used, the eigenmode has shorter wavelengths nearer the outer boundary [Lin et al., 1991; Cheng et al., 2000; Denton et al., 2002; Takahashi et al., 2003 ]. Therefore in reality the nodes (antinodes) of both the fundamental and second harmonics are located closer to L b2 than Figure 1 indicates.
[5] Note that we use ''cavity mode'' as a generic term for fast mode waves that have discrete radial eigenmode structures. The model illustrated in Figure 1 obviously is the simplest possible. As one incorporates more realistic geometry and boundary conditions, the waves could be better termed ''waveguide mode'' [Samson et al., 1992; Rickard and Wright, 1995] or ''virtual resonance'' [Lee, 1998] . The waveguide mode model is appropriate when azimuthal propagation is allowed and the virtual resonance model is appropriate when the outer boundary is not reflective. Although the Pi2s selected in the present study may well possess the properties of the waveguide mode and the virtual resonance, we will not adopt these terminologies. The important point is that the radial structures of the fast mode components (E j and B z ) of the waveguide mode and virtual resonance are qualitatively the same as those illustrated in Figure 1 . For the sake of simplicity we use the term ''cavity mode'' throughout the present manuscript.
[6] The remainder of this paper is organized as follows. In section 2 we describe the experiments. In section 3 we give an overview of the selected Pi2 events. In section 4 we present spectral analysis of the selected events. In section 5 we discuss the results of data analysis. Section 6 presents the conclusions.
Experiments
[7] Data used in this study include electric and magnetic fields and plasma density measured from the CRRES spacecraft and magnetic field measured on the ground at Kakioka, Japan. CRRES was launched on 25 July 1990 and was operated until 12 October 1991. The spacecraft had an elliptical orbit with initial perigee altitude of 350 km, apogee at the geocentric distance of 6.3 R E , an inclination of 18°, and a period of $10 hours. The spacecraft was spin stabilized with its spin axis pointing to the Sun within 15°a nd a spin period of approximately 30 s. In this study we used an electric field measured by the cylindrical sensors of the electric field experiment , a vector magnetic field measured by the fluxgate magnetometer , and an electron density N e derived from spectra measured by the plasma wave experiment LeDocq et al., 1994] . The electric field data are two-dimensional vector samples measured in the satellite spin plane. We use the dawn-to-dusk component of the field, which is provided as spin averages sampled twice per spin resulting in a time resolution of $15 s. We switch the sign of this component and denote it E j . The E j component is a very good approximation of the azimuthal Figure 1 . Radial structure of the fundamental and second harmonics of cavity mode resonance. The heavy and light lines represent the azimuthal component of the electric field, E j , and the compressional component of the magnetic field, B z , respectively. The inner boundary is L b1 and the outer boundary is L b2 . Fast mode waves are perfectly reflected on these boundaries. As a consequence, E j has a node and B z has an antinode on these boundaries. Other nodes are located at L n1 , L n2 , and L n3 . component (positive eastward) for the time interval discussed in this paper. For the magnetic field we use the local cylindrical dipole coordinates. The components in this system are denoted B r (outward, perpendicular to the dipole axis), B j (eastward, perpendicular to the dipole axis), and B z (northward, antiparallel to the dipole axis).
[8] Kakioka (station code KAK) is located at a magnetic latitude of 26.8°(L = 1.26), a geographic latitude of 36.2°, and a geographic longitude of 140.2°. This station was chosen because it provides data with high timing accuracy [Yanagihara et al., 1973] . The original data were provided in 1-s resolution. We use only the H (horizontal, positive northward) component of the ground magnetic field data.
Overview of the Selected Pi2 Events
[9] We identified the Pi2 events reported in this study by visually scanning the time series plots of the electric and magnetic field data generated for every CRRES orbit. The plots included the three magnetic field components (radial, azimuthal, and field-aligned) and two electric field components (radial and azimuthal) perpendicular to the mean magnetic field. Although we have not searched for harmonically related Pi2 pulsations in a systematic manner, the events presented in this study are clearly unique in that they exhibited different harmonics in separate field components. Availability of midnight ground magnetometer data from Kakioka made the events even more worthwhile for detailed analysis.
[10] Similar to usual Pi2 pulsations, the selected Pi2 events occurred in association with an enhancement of magnetic activity in the auroral zone. Figure 2 shows the provisional auroral electrojet indices for 20 January 1991.
There was a modest enhancement (ÁAE $ 100 nT) of the electrojet starting at $1435 UT and reaching a peak at 1512 UT. This AE change was caused primarily by the contribution from AL, which is a measure of the intensity of the westward current. The Pi2 pulsations described in this study occurred between 1430 and 1530 UT. This period, marked by a thick horizontal line shown in both panels, matches the AE enhancement. Pi2 pulsations also occurred as the electrojet further intensified at $1550, $1630, and $1730 UT, but these events are not included in this study.
[11] Figure 3 shows the location of CRRES and Kakioka in the L versus magnetic local time (MLT) polar coordinates at the time of the selected Pi2 events. The CRRES magnetic coordinates were calculated using a centered dipole. The curved trace is the CRRES orbit 435 with the heavy portion at L $ 6 indicating the time period from 1430 to 1530 UT. At this time Kakioka was near midnight, as marked by a large dot. CRRES and Kakioka were essentially on the same magnetic meridian, which simplifies the comparison between space and ground.
[12] Figure 4 shows the time series plots of B r , B j , B z , and E j at CRRES and H at Kakioka for 1430À1530 UT. The plotted quantities are perturbations about 200-s running averages except for E j . Because the spacecraft was within ±1°of the dipole equator, B r represents the radially transverse component and B z the field magnitude. The time resolution differs among the components. It is 2 s for the CRRES magnetic field, 30 s (15-s oversampling) for the CRRES electric field, and 1 s for the Kakioka magnetic field. Later we use 30-s averages for all components, but in this figure we show high-time resolution data to demonstrate that there was no notable oscillations having periods shorter than 1 min. Note that the low-amplitude oscillations with a 30-s period that persist in the CRRES magnetic field data are spin modulations.
[13] The magnetic field at CRRES is characterized by oscillations in B z with periods in the range from 1 to 3 min and amplitudes lower than 2 nT peak-to-peak. The oscillations form wave packets centered on $1440 UT, $1447 UT, $1501 UT, and $1511 UT. We have selected the three 10-min intervals corresponding to the second through fourth wave packets for detailed analysis, and they are referred to as events A, B, and C. The horizontal bars at the bottom of Figure 4 indicate the event intervals. In all three events the amplitude of B r is much lower than that of B z except for the first two cycles during event B. The amplitude of B j is small throughout. The general absence of transverse components implies that the oscillations were caused by field line displacement that is symmetric about the magnetic equator. A symmetric displacement does not produce transverse magnetic field perturbations at the magnetic equator [Singer and Kivelson, 1979] .
[14] The E j component at CRRES also exhibits oscillations in the Pi2 band with the maximum amplitudes reaching $1 mV/m peak-to-peak. Overall, the modulation of E j amplitude is similar to that of B z , but the dominant wave period of E j differs from that of B z in events A and B. The difference is particularly clear in event B, which showed a period of $80 s in B z and a period of $170 s in E j .
[15] The Kakioka H component is similar to E j , but there is indication of higher-frequency oscillations during events A and B. In a recent study, Takahashi et al. [2003] identified many Pi2 pulsations exhibiting high E j -H coherence, and the three events shown in the present study were also included in the data set for that statistical study. However, Takahashi et al. [2003] did not examine the behavior of the second harmonic.
[16] According to previous studies [Takahashi et al., 1999 [Takahashi et al., , 2001 ] the coherence between Pi2 pulsations at CRRES and on the ground strongly depends on the position of the spacecraft relative to the plasmapause. Waveforms identical to low-latitude Pi2 pulsations were observed only when the spacecraft was in the plasmasphere. This led to the conclusion that low-latitude Pi2 pulsations originate from fast mode waves confined within the plasmasphere. We examined whether this is the case with our present events.
[17] The electron density N e for CRRES orbit 435 is shown in Figure 5 . The upper panel shows N e as a function of time. We distinguish the outbound and inbound legs of the orbit by line patterns: solid for the former and dotted for the latter. The lower panel shows the same data as a function of L. In both panels, heavy horizontal bars indicate the selected Pi2 pulsations. The upper panel indicates that the Pi2 pulsations occurred on the outbound leg when N e was between 20 and 35 cm À3 . At $1600 UT, N e dropped from $20 cm À3 to $2 cm
À3
; then at $ 1840 UT, N e started to increase. These rapid changes are attributed to plasmapause crossings.
[18] The lower panel indicates that the plasmapause radial distance differed significantly between the two crossings. The first crossing occurred at L = 6.3 (MLT $ 0.7 hour), nearly coincident with the spacecraft apogee, whereas the second crossing occurred at L $ 5 (MLT $ 2.4 hour). This difference could be explained both by a spatial effect and a temporal effect. However, we believe that the temporal effect played a major role. AE continued to increase from $1500 UT to $1800 UT, which implies that the magnetospheric electric field became stronger and eroded the plasmasphere. The important point to be made here is that the spacecraft was definitely within the plasmasphere when the Pi2 events were observed with high coherence with Kakioka Pi2 pulsations as shown in the next section.
Spectral Analysis
[19] For comparison with theoretical models it is convenient to quantify the properties of the Pi2 events by spectral analyses. Figures 6, 7 , and 8 show the spectral properties of events A, B, and C, respectively. Only the E j and B z components at CRRES and the H component at Kakioka are examined here because they were the dominant components in the Pi2 events. The three columns in each figure represent the combinations of E j -B z , B z -H, and E j -H. In each column the top panel shows the time series plots of the two components, the second panel shows the power spectra, the third panel shows the coherence, and the fourth panel shows the cross phase. The time series data were detrended by removing a second-order polynomial fitted to the original time series by the least-squares method. The spectral parameters were obtained by first Fourier transforming the time series and then by taking the average over three raw spectral estimates. The cross phase is shown only if coherence is higher than 0.7 at the given frequency.
[20] Figure 6 shows that event A consisted of two spectral components. In the time series plots of B z and E j (upper left) it is evident that both components oscillated in a sinusoidal manner but with different periods, 80 s for B z and 140 s for E j . In confirmation of this observation, the E j spectrum consists of a single peak located at $7 mHz and the B z spectrum exhibits a single peak at $12 mHz. We refer to these frequencies as the fundamental ( f 1 ) and the second harmonic ( f 2 ) and mark them with vertical lines in all panels for the spectral parameters. The B z -E j coherence (third left) is lower than 0.7 at both f 1 and f 2 , which means that we cannot find any meaningful cross phase at either frequency (bottom left). In the middle column the time series plots show that the H oscillation consists of a mixture of the fundamental and second harmonics. That is, H is more irregular than B z but H and B z have nearly identical periodicity with the maxima of H occurring at the minima of B z . The power spectrum of H (second middle) produces a broad peak near f 1 but lacks a peak at f 2 . Nonetheless, the B z -H coherence (third middle) shows a high value at f 2 , and at this frequency the B z -H cross phase (bottom middle) is close to À180°. In the right column we find that at the fundamental frequency the E j -H coherence is high and the cross phase is approximately À90°(E j lags H).
[21] Event B (Figure 7 ) also consisted of two frequencies. In this event the behavior of B z is similar to event A. Both the time series (upper left) and the spectrum (second left) indicate that B z is dominated by a regular oscillation at f 2 . The E j component, however, exhibits a waveform that is different from a simple sinusoid. Based on the E j spectrum (second left), which reveals peaks both near f 1 and at f 2 , we explain the waveform by a superposition of two sinusoidal oscillations. The comparison of E j and H (right column) provides the most interesting properties of the event. First of all, the spectra (second right) of these components are quite similar. In addition, the coherence (third right) is high both Figure 6 . Time series and spectral properties of CRRES and Kakioka data for event A. The power density is given in square amplitude per hertz, where the amplitude is in mV/m for the electric field and nT for the magnetic field. The cross phase is given in degrees.
at f 1 and f 2 . Finally, the cross phase (bottom right) changes from À90°at f 1 to 90°at f 2 .
[22] Event C (Figure 8 ) consisted of a single frequency. Although the event was excited only a few minutes after event B, the time series plots (top row) and spectra (second row) show that B z , E j , and H contained only one spectral component f $ 8 mHz (this value is determined from the spectrum of the H component). We identify this frequency to be the fundamental, based on the À90°cross phase between E j and H (bottom right), which is the same as that found in event B at the lower frequency f 1 . Apparently, the second harmonic was suppressed in event C and the fundamental frequency went up slightly (by $10%) from the preceding events. The B z -H cross phase at f 1 is À180°, which is the same as the cross phase observed at f 2 in events A and B (see explanation in Figure 9 ). Somewhat surprising is the relationship between B z and E j . Their spectra (second left) are similar but the E j spectrum is slightly shifted to the lower frequency. In addition, the coherence between E j and B z is less than perfect at f 1 and we cannot determine the cross phase with confidence. We believe that the low coherence is due to the irregular B z oscillations seen from 1506 to 1508 UT. When we use only the 1508À1515 UT interval, the B z -E j coherence at f 1 improves to $0.8 and we obtain a cross phase of À130°.
Discussion

Comparison of Observations With Cavity Mode Model
[23] We can explain the component dependence of the amplitude of the multiharmonic Pi2 pulsations observed at CRRES using the cavity mode model. The first important point to be noted is that the fundamental and second harmonics are simultaneously present in the Kakioka data (most clearly in event B). Since shear Alfvén waves do not produce B z perturbations nor propagate across magnetic field lines to low latitude, it is reasonable to assume that both harmonics propagated to the ground as fast mode waves. Then why do we see the fundamental harmonic only in E j and the second harmonic only in B z ? We suggest that the fast mode waves were cavity mode waves and that CRRES was located very close to the location L n2 defined in Figure 1 . At L n2 , the fundamental E j and second harmonic B z have an antinode but the fundamental B z and the second harmonic E j have a node. In short, the fundamental B z and second harmonic E j are invisible at L n2 . If the two harmonics originated from radially propagating waves, we would have observed both harmonics at any radial distance.
[24] The observed cross phase between field components also fits the cavity mode model. The cross phase having values near the integral multiples of 90°is an indication of cavity mode waves as discussed previously [Takahashi et al., 1995 [Takahashi et al., , 2003 ] and illustrated in Figure 1 . Different cross phase values between events and harmonics can be explained by varying the position of CRRES relative to the nodes of the cavity mode. Figure 9 compares the model and observed phase structures for each event. The radial cross phase (in degrees) between E j and H and between B z and H is illustrated for each harmonic. The horizontal axes represent the radial distance range of the cavity under consideration (i.e., the plasmasphere). The numbers to the right of the axes are the observed cross phase values rounded to the nearest integral multiple of 90°. The thick horizontal lines indicate the radial distance range of CRRES that is consistent with the observed cross phase. A question mark means that we were not able to determine the phase.
[25] Let us take event A as an example. On the one hand, the observed E j -H cross phase of À90°for the fundamental mode places no constraint on the spacecraft location: it can be anywhere between L b1 and L b2 . On the other hand, the observed B z -H phase of À180°for the second harmonic places the spacecraft between L n1 and L n3 . We then conclude that the spacecraft was somewhere in the domain common to both harmonics, that is, between L n1 and L n3 . The same logic places the spacecraft between L n2 and L n3 for event B and between L n2 and L b2 for event C.
[26] Finally, we note that some properties of the observed frequencies are consistent with the cavity mode. In a numerical study based on a radial plasma density profile similar to the one observed for our events, Denton et al. [2002] obtained f 1 = 7.6 mHz and f 2 /f 1 = 1.8. Our event A showed f 1 $ 7 mHz and f 2 $ 12 mHz ( f 2 /f 1 $ 1.7), which are very close to the theoretical values. This is encouraging but we also realize that the frequencies changed from event to event and that the frequency ratio was not very stable. For event B we adopted the values f 1 = 7 mHz and f 2 = 12 mHz based on the f 1 spectral peak in E j and the f 2 spectral peak in B z (see Figure 7 , left column). In contrast to event A, however, event B had large power below f 1 and also above f 2 , suggesting that the true spectral peaks were at $6 mHz ( f 1 ) and $13 mHz (f 2 ), which translate to f 1 /f 2 $ 2.2. Statistical studies of the harmonic Pi2 events on the ground also reported a large spread in the frequency ratio (see summary table by Denton et al. [2002] ). Thus we feel that observation of pulsation frequency alone is not a sufficient approach to establishing the cavity mode nature of Pi2 pulsations.
Remaining Questions
[27] A theoretical description of the cavity mode usually assumes a steady and symmetric background plasma and a simple temporal profile of the Pi2 source disturbance. To interpret the observed Pi2 pulsations we would have to incorporate the dynamic and complex behavior of the magnetosphere.
[28] The relative intensity of the fundamental and second harmonics varied from one Pi2 event to another, even though they occurred in short succession. Of the three events that we studied, two exhibited clear signature of the second harmonic at CRRES. Among these, only one showed clearly separated f 1 and f 2 spectral peaks at Kakioka. A possible explanation of this observation is that the temporal profile of the source disturbance varies from event to event. If the source has a time scale close to the fundamental period of the cavity mode, the fundamental mode will be stronger than the higher harmonics. If, on the other hand, the time scale is shorter than the fundamental period, the cavity will respond by generating higher harmonics. It will be interesting to study if there is any relationship between the strength of the second harmonics and the sharpness in the onset of substorms.
[29] The real plasmasphere is far from axial symmetry and it remains to be seen whether numerically simulated Pi2 pulsations [Lee and Lysak, 1999; Fujita et al., 2002] retain their properties when the plasmapause is allowed to have a realistic shape. Recent studies using imaging instruments on spacecraft indicate that the plasmasphere rarely has the smooth and steady shape expected from combined action of the steady plasmaspheric convection and ionospheric corotation. Instead, the plasmasphere shape changes with time and it is not uncommon to see extended tails [Foster et al., 2002] . We argued that the large difference of the plasmapause distance between the outbound and inbound passes of the orbit selected for the present study was mainly a temporal effect. Even if this is the case, there can be some remaining local time dependence of the plasmapause radius since it is not likely that the plasmapause shrinks uniformly during geomagnetically active periods. Numerical simulations incorporating a realistic plasmasphere shape would be necessary to understand how robust the cavity mode Pi2 can be.
Conclusions
[30] We presented spectral properties of multifrequency Pi2 pulsations observed in the plasmasphere by CRRES and on the ground at Kakioka. The pulsations occurred when both CRRES and Kakioka were near midnight. The pulsations exhibited spectral peaks at $7 mHz ( f 1 , fundamental) and $12 mHz ( f 2 , second harmonic). At CRRES, the pulsations were detected mainly in the azimuthal component of the electric field E j (positive eastward) and in the compressional component of the magnetic field B z , which implies that the pulsations were produced by MHD fast mode waves. The spectral intensity at the two frequencies varied among the field components examined. The E j component was dominated by the fundamental harmonic whereas the B z component was dominated by the second harmonic. The ground H component exhibited both harmonics.
[31] The phase relationship among the field components provided insight into the nature of the oscillations. At the fundamental frequency f 1 , the phase of E j relative to Kakioka H was À90°and the phase B z relative to H was À180°. At the second harmonic frequency f 2 , the phase of E j relative to Kakioka H was 90°and the phase of B z relative to H was À180°. These observations were explained by simultaneously excited fundamental and second harmonics of the plasmaspheric cavity mode oscillations.
[32] In conclusion, satellite observations are capable of directly detecting the signatures of the nodal structures of standing waves, and the present study provides strong evidence that the plasmasphere is capable of sustaining standing fast mode waves.
